Organotypic hippocampal slice cultures were used to model the effects of neuroinflammatory conditions following an epileptic state on functional P2X7 receptors (Rs) of subgranular zone (SGZ) neural progenitor cells (NPCs). The compound, 4-aminopyridine (4-AP), is known to cause pathological firing of neurons, consequently facilitating the release of various transmitter substances including ATP. Lipopolysaccharide (LPS) and interleukin-1β (IL-1β) both potentiated the dibenzoyl-ATP (Bz-ATP)-induced current amplitudes in NPCs, although via different mechanisms. Whereas LPS acted via promoting ATP release, IL-1β acted via its own receptor to directly influence P2X7Rs. Thus, the effect of LPS was inhibited by the ecto-ATPase inhibitor, apyrase, but not by the IL-1β antagonist, interleukin-1RA (IL-1RA); by contrast, the effect of IL-1β was inhibited by IL-1RA, but not by apyrase. Eventually, incubation with 4-AP upregulated the number of nestin/glial fibrillary acidic protein/P2X7R immunoreactive cells and their appropriate staining intensity, suggesting increased synthesis of P2X7Rs at NPCs. In conclusion, inflammatory cytokines accumulating after epilepsy-like neuronal firing may facilitate the effect of endogenous ATP at P2X7Rs of NPCs, thereby probably promoting necrosis/apoptosis and subsequent cell death.
Introduction
In the adult mammalian brain, the subgranular zone (SGZ) of the hippocampal dentate gyrus is one of the regenerative niches where neural progenitor cells (NPCs) are produced to give rise to the three main neural cell linages, i.e., neurons, astrocytes, and oligodendrocytes [1] [2] [3] . During their integration into the hippocampal circuits, NPCs pass through various consecutive developmental stages before differentiating to newborn and subsequently mature granule cells (glutamatergic projection neurons to CA3 pyramidal neurons).
The physiological functions of adult neurogenesis comprise emotions, learning, and memory, i.e., temporal separation, pattern separation, fear conditioning, high-resolution memory, and synaptic plasticity [4, 5] . Some disease conditions, like Parkinson's disease, Huntington's disease, Alzheimer's disease, multiple sclerosis, stroke, depression, and temporal lobe epilepsy are also connected to abnormal adult neurogenesis [6] . The misbalance between NPC proliferation and disintegration may Organotypic brain slices were subjected to electrophysiological recordings and immunohistochemistry after 1-3 weeks in culture.
Whole-Cell Patch-Clamp Recordings
Organotypic cultured slices were superfused in an organ bath with 95% O 2 plus 5% CO 2 -saturated artificial cerebrospinal solution (aCSF; 3 mL/min, room temperature). This aCSF had the following composition (in mM): NaCl 126, KCl 2.5, CaCl 2 2.4, MgCl 2 1.3, NaH 2 PO 4 1.2, NaHCO 3 25 , and glucose 11; the pH was 7.4, adjusted with NaOH. To create a low divalent cation-containing (low X 2+ ) solution, MgCl 2 was omitted from the medium and the CaCl 2 concentration was decreased to 0.5 mM. Neural progenitor cells and/or astrocytes in the subgranular zone of the hippocampal dentate gyrus were visualized with an upright interference contrast microscope and a 40× water-immersion objective (Axioskope FS, Carl Zeiss, Oberkochen, Germany). Patch pipettes were filled with intracellular solution of the following composition (in mM): K-gluconic acid 140, NaCl 10, MgCl 2 1, HEPES 10, EGTA 11, Mg-ATP 1.5, Li-GTP 0.3; the pH was 7.2, adjusted with KOH. Pipettes (4-7 MΩ resistances) were pulled by a micropipette puller (P-97, Sutter Instruments, Novato, CA, USA) from borosilicate capillaries. The resting membrane potential (V m ) of the cells was measured in the current-clamp mode of the patch-clamp amplifier (Multiclamp 700A; Molecular Devices, San Jose, CA, USA) immediately after establishing whole-cell access.
Neural progenitor cells were identified by their green fluorescence under an appropriate filter. Astrocytes (no fluorescence) and NPCs (green fluorescence) were discriminated from neurons by their failure to fire action potentials. For this purpose, hyper-and depolarizing current pulses (−80, −20, 40, 100, and 160 pA) were injected into the respective cells. Then, in the voltage-clamp recording mode of the amplifier, the holding potential of the astrocytes and NPCs were set at −80 mV, near their membrane potentials. Multiclamp and pClamp software (Molecular Devices) were used to store the recorded data to perform offline analysis/filtering and to trigger the application system used.
Drug Application Protocols
Dibenzoyl-ATP (300 µM) was pressure-ejected locally by means of a computer-controlled DAD-12 superfusion system (ALA Scientific Instruments, Farmingdale, NY, USA). The drug application tip touched the surface of the brain slice and was placed within 100-150 µm of the patched cell. Dibenzoyl-ATP (300 µM) induced a low-X 2+ medium inward current, whose amplitude was at the quasi-linear part of the semi-logarithmic concentration-response curves generated both in astrocytes [22] and NPCs [18] . Organotypic hippocampal slices were grown in incubation medium for one week before they were subjected to Bz-ATP (300 µM) pulses (for 10 s, every 2 min, three times; the first response was discarded). All substances were present in the culturing medium for 14 h, one day, or one week before using the organotypic slices for patch-clamp recordings. In some cases, the effect of Bz-ATP (300 µM) was compared in a normal and low-X 2+ medium.
Multiple Immunofluorescence Labeling Under Confocal Microscopic Observation
After the incubation period of three weeks, the Millicell membranes (Millipore, Bedford, MA, USA) were taken out and the hippocampal cultures were fixed for 2 h in a solution containing 4% paraformaldehyde (Merck, Darmstadt, Germany), 0.1% glutaraldehyde (Serva Electrophoresis, Heidelberg, Germany), and 0.2% picric acid (Sigma-Aldrich) in 0.1 M phosphate buffer (PB; pH 7.4). Afterward, cultures were rinsed intensively with PB and were cut into 50-µm slices using the vibratome (Typ VT 1200S, Leica Biosystems, Wetzlar, Germany).
Following pre-incubation in a blocking solution (0.05 M tris-buffered saline (TBS), pH 7.6, supplemented with 5% fetal calf serum and 0.3% Triton X-100), the slices were incubated in a mixture of primary antibodies diluted in the blocking solution for 48 h at 4 • C. The following antibodies were used: anti-glial fibrillary acidic protein (GFAP; mouse, 1:1000; Sigma-Aldrich), anti-Iba1 (goat, 1:100; Abcam, Cambridge, UK), anti-nestin (mouse, 1:50; Millipore), or mouse anti-GFP (1:100; Clontech, Wisconsin, PE, USA), as well as anti-P2X7 (rabbit, 1:600; APR-004, Alomone Labs, Jerusalem, Israel). This incubation period was followed by rinsing in TBS. The simultaneous visualization of different primary antisera was performed with a mixture of secondary antibodies specific for the appropriate species immunoglobulin G (IgG; rabbit, mouse, goat). Carbocyanine (Cy)2-(1:400), Cy3-(1:1000), Cy5-(1:100) conjugated IgGs (all Jackson ImmunoResearch, West Grove, PE, USA) diluted in the blocking solution were applied for 2 h at room temperature. For nuclear staining, the slices were incubated with Hoechst 33342 (Hoe; final concentration 40 µg/mL, Molecular Probes, Eugene, OR, USA) for 5 min in TBS at room temperature. After intensive washing and mounting on glass slides, sections were dehydrated and cover-slipped as described above. Control experiments were performed without primary antibodies or by pre-adsorption of the antibody with the immunizing peptides.
The multiple immunofluorescence was investigated using a confocal laser scanning microscope (LSM 510 Meta, Zeiss) using excitation wavelengths of 488 nm (argon, yellow-green Cy2 immunofluorescence), 543 nm (helium/neon, red Cy3 immunofluorescence), and 633 nm (helium/neon2, blue Cy5 labeling). An ultraviolet laser (362 nm) was used to excite the blue-cyan Hoe 33342 fluorescence.
Materials
The following drugs were used: interleukin-1β murine (IL-1β; Biomol, Hamburg, Germany), antimycin A, 2 (3 )-O-(4-benzoylbenzoyl)adenosine 5 -triphosphate triethylammonium salt (Bz-ATP), epidermal growth factor from mouse (EGF), fibroblast growth factor-2 (FGF-2), interleukin-1RA murine (IL-1RA), LPS from Escherichia coli, nerve growth factor-β from mouse (NGF), and sodium iodoacetate (Sigma-Aldrich).
Statistics
Means ± standard errors of the mean (SEM) are given throughout. SigmaPlot 13.0 was used for statistical evaluation (Systat Software Inc., Chicago, IL, USA). We tested for and found that, when using parametric tests, all sampled distributions satisfied the normality and equal variances criteria. Multiple comparisons between data were performed with a one-way analysis of variance (ANOVA) followed by the Holm-Sidak test. Two datasets were compared either using the parametric Student's t-test or the non-parametric Mann-Whitney rank sum test, as appropriate. A probability level of 0.05 or less was considered to be statistically significant.
Results

Sensitivity Increase of P2X7Rs at SGZ NPCs in Organotypic Hippocampal Slices Caused by Pre-Incubation with Lipopolysaccharide and Cytokines
Combination of four criteria can verify that Bz-ATP at a submaximal concentration of 300 µM selectively activates the P2X7Rs in SGZ NPCs: (1) the responses to both Bz-ATP and ATP are potentiated in a low-X 2+ bath medium; (2) Bz-ATP causes comparable inward currents at about 10-times lower concentrations than ATP itself; (3) the Bz-ATP effect is nearly abolished by the highly selective P2X7R antagonist A-438079; and (4) the Bz-ATP current exhibits a reversal potential around 0 mV, characteristic for non-selective cationic channels [18] . All of these criteria held true for SGZ NPCs in a slice preparation [18] .
Therefore, we applied, in all subsequent experiments, 300 µM Bz-ATP as a test concentration to investigate changes in P2X7R sensitivity. Furthermore, 4-AP (50 µM; one-week incubation) facilitated the effect of Bz-ATP (300 µM) on NPCs in hippocampal slice cultures [19] . This effect was thought to be due to a lengthening of the half amplitude duration of action potentials in dentate gyrus granule neurons increasing the release of glutamate and ATP onto SGZ NPCs [19] . Incubation with LPS (10 ng/mL) for 14 h had an effect similar to that of 4-AP ( Figure 1A ,B). It is noteworthy that only Bz-ATP-induced current responses measured in a low-X 2+ medium exhibited potentiation, but not those measured in a normal external medium.
1C,D). By contrast, the IL-1β antagonist, IL-1RA (100 ng/mL; 14 h), failed to influence the LPS effect ( Figure 1D ). Furthermore, IL-1β (100 ng/mL) facilitated IBzATP, just as ATP and LPS did; however, this was via a different mechanism, because the effect of IL-1β was obliterated by IL-1RA, but not by apyrase ( Figure 1C ,E). We assume that exogenous ATP, as well as endogenous ATP released by LPS, activates P2X7Rs, thereby potentiating the action of Bz-ATP probably by allowing increased Ca 2+ entry into the cells. By contrast, IL-1β may directly facilitate cationic fluxes through P2X7Rs apparently contradicting the confirmed permissive role of ATP for the LPS-induced secretion of IL-1β under our experimental conditions. Incubation with ATP (10 µM) for 14 h caused a facilitation of the Bz-ATP-induced current (I BzATP ); this effect was abolished by co-incubation of ATP with the ecto-ATPase apyrase (10 IU/mL; [19] ) which by itself did not increase I BzATP . Therefore, it was concluded that the effect of ATP is, in fact, mediated by the activation of P2Rs. Apyrase also depressed the effect of co-applied LPS (10 ng/mL; 14 h), indicating that LPS releases endogenous ATP which then supposedly acts at P2X7Rs (Figure 1C,D) . By contrast, the IL-1β antagonist, IL-1RA (100 ng/mL; 14 h), failed to influence the LPS effect ( Figure 1D ). Furthermore, IL-1β (100 ng/mL) facilitated I BzATP , just as ATP and LPS did; however, this was via a different mechanism, because the effect of IL-1β was obliterated by IL-1RA, but not by apyrase ( Figure 1C,E) . We assume that exogenous ATP, as well as endogenous ATP released by LPS, activates P2X7Rs, thereby potentiating the action of Bz-ATP probably by allowing increased Ca 2+ entry into the cells. By contrast, IL-1β may directly facilitate cationic fluxes through P2X7Rs apparently contradicting the confirmed permissive role of ATP for the LPS-induced secretion of IL-1β under our experimental conditions. Neuroinflammation is mediated not only by cytokines, but also by growth factors, and it follows the neuronal damage caused by metabolic limitation. It is a major condition in stroke pathophysiology and contributes to secondary neuronal damage in both acute and chronic stages of the ischemic injury [23] . Neuroinflammation and epilepsy are also thoroughly interrelated pathological events [13, 24, 25] .
Therefore, we incubated brain slice cultures for one day or one week with NGF (30 ng/mL) which increased I BzATP of NPCs in comparison with controls (Figure 2A,B) . The combination of EGF (20 ng/mL) with FGF-2 (10 ng/mL) for one week had a similar effect. Eventually, organotypic hippocampal slice cultures were damaged either by the free oxygen radical, H 2 O 2 (10 µM; 14-h incubation), or by the combined application of antimycin (25 nM) and sodium iodoacetate (10 µM) for 14 h to block oxidative phosphorylation and glycolysis, respectively (Figure 1C,D; [26] ). Both oxidative and metabolic damage failed to cause a potentiation of Bz-ATP currents at NPCs. We did not measure the effect of H 2 O 2 and antimycin plus sodium iodoacetate on I BzATP after longer-lasting incubation of hippocampal slices (e.g., one week); it is quite possible that, under these conditions, a secondary neuroinflammation would cause potentiation of the Bz-ATP-induced current responses.
for 14 h to block oxidative phosphorylation and glycolysis, respectively (Figure 1C,D; [2526] ). Both oxidative and metabolic damage failed to cause a potentiation of Bz-ATP currents at NPCs. We did not measure the effect of H2O2 and antimycin plus sodium iodoacetate on IBzATP after longer-lasting incubation of hippocampal slices (e.g., one week); it is quite possible that, under these conditions, a secondary neuroinflammation would cause potentiation of the Bz-ATP-induced current responses. 
P2X7R Immunoreactivity in Organotypic Hippocampal Slice Cultures
The exemplary structure of the hippocampus in a three-week-old organotypic slice culture shows cell bodies stained with Hoechst 33342 (Hoe) in a black-and-white confocal laser-scanning microscopic picture ( Figure 3A) . Incubation with a 4-AP (50 µM)-containing medium after the initial two weeks of culturing for a further week did not cause an appreciable change in the gross structural view (not shown). Subsequently, we evaluated the colored images in the SGZ of the hippocampal dentate gyrus after mechanical removal of the glial cap, interfering with visibility. For this purpose about 50 µm of the superficial tissue layers were cut away from the slice culture by means of a vibratome (VT1200, Leica Biosystems). Because the specimens were prepared from Tg(nestin/EGFP) mice, the staining with anti-EGFP labeled nestin-immunoreactive (IR) NPCs. We observed weak GFAP-, P2X7-, and nestin-IR NPCs in the control SGZ ( Figure 3B-E) . Incubation of the slices with 4-AP caused upregulation of the nestin/GFAP/P2X7-IR cell number and the appropriate staining intensity (Figure 3F-I) . Whereas radial glia-like type 1 NPCs exhibit IRs for both GFAP and nestin, astrocytes are IR for GFAP only. We did not observe P2X7-IR at these astrocytes. However, it should be mentioned that, in spite of the lack of P2X7-IR at astrocytes, functional P2X7Rs can be detected at this cell type, e.g., in the prefrontal cortex, especially in a low-X 2+ medium [22] . We assume that the density of P2X7Rs at astrocytes is much lower than the density of P2X7Rs at NPCs.
In the hippocampal cell formation and on the surface of the tissue slices, P2X7-IR was observed on activated microglia (marked by anti-Iba1; Figure 3J -L); both IRs increased after incubation with 4-AP ( Figure 3M-O) .
Hence, in accordance with the potentiation of the Bz-ATP-induced currents of NPCs by a long-lasting treatment with 4-AP, both the number of nestin/GFAP/P2X7 triple-labeled type 1 NPCs and the staining intensity for the investigated antibodies at these cells were upregulated. In other words, the facilitated P2X7R function appears to be due to an enhancement of protein synthesis, and probably also to alleviated post-receptor signaling due to the activation of a calcium/calmodulin binding site at the C-terminus of the P2X7R [27] .
Discussion
The main findings of this study were the following: (1) incubation with LPS, IL-1β, or growth factors (NGF, EGF, or FGF) facilitated the Bz-ATP sensitivity of NPCs located in the SGZ of organotypic hippocampal slice cultures; (2) incubation with the reactive oxygen species, H 2 O 2 , or the blockade of oxidative phosphorylation and glycolysis (antimycin plus sodium iodoacetate) had no comparable effect; (3) incubation with 4-AP caused upregulation of the nestin/GFAP/P2X7-IR cell number and the appropriate staining intensity, indicating that a facilitated P2X7R function may be due to enhanced protein synthesis, and probably also to alleviated post-receptor signaling in NPCs.
Experimental evidence in rodents demonstrates that seizures largely increase the levels of inflammatory mediators in brain regions involved in the generation and propagation of epileptic activity [13, 24, 25] . Prototypic inflammatory cytokines, such as IL-1β, IL-6, and tumor necrosis factor-α (TNF-α), are upregulated in activated microglia and astrocytes, before triggering a cascade of downstream inflammatory events that also involve neurons and endothelial cells of the blood-brain barrier. In models of chronic inflammation, such as transgenic mice systemically overexpressing IL-6 or TNF-α, a reduced seizure threshold was observed, which predisposes the brain to seizure-induced neuronal loss [28] . Furthermore, TNF-α and IL-10 were associated with the regulation of seizure duration in experimental kindling models [29] . On the contrary, mild inflammatory response evoked by LPS during a critical period of development caused a long-lasting increase in hippocampal excitability in vitro, and enhanced seizure susceptibility to the convulsants, pilocarpine, kanic acid, and pentetrazol [30] . It was concluded that cytokine-induced modifications in brain excitability underlying seizure phenomena involve both the rapid post-translational and the long-term transcriptional changes in voltage-gated and ligand-gated ion channels, as well as cytokine-mediated changes in genes involved in neurotransmission and synaptic plasticity [31, 32] .
In view of the contribution of neuro/glio-inflammation to epileptogenesis, we investigated the effect of LPS on I BzATP of NPCs, which is supposed to release IL-1β, e.g., from microglia/macrophages only in case of the co-stimulation of permissive P2X7Rs [14, 15, 33] . Experiments in a low-X 2+ external medium showed an increase in I BzATP by pre-treatment of the organotypic slice cultures with both 4-AP [19] and LPS (present paper). A potentiation by a low divalent cation-containing external medium of the agonist effects at P2X7Rs are most probably due to the removal of an allosteric block exerted by Ca 2+ [34] . A low extracellular Ca 2+ /Mg 2+ concentration may, on the one hand, induce pathological firing in hippocampal CA1 and CA3 pyramidal cells in vitro, and, on the other hand, it corresponds to the ionic constitution of the extracellular microenvironment during seizures in vivo [35] .
It was an unexpected finding that LPS facilitated I BzATP via the release of ATP without the involvement of IL-1β receptors; apyrase, but not IL-1RA, depressed the LPS-induced increase of P2X7R currents at NPCs. It was reported recently that a long-lasting stimulation of P2X7Rs by ATP increases the sensitivity of this receptor to Bz-ATP [19] . By contrast, IL-1β itself potentiated I BzATP via activation of an interleukin 1 receptor (IL-1R), because its effect was antagonized by the selective IL-1R antagonist, IL-1RA, but not apyrase. Thus, two different mechanisms appear to result in an increased sensitivity of P2X7Rs toward ATP, one of them via a facilitated ATP release and the other via the direct stimulation of P2X7Rs by inflammatory cytokines. We assume that, in both cases, increased Ca 2+ entry into the cells occurs, with subsequent occupation of an intracellular Ca 2+ /calmodulin binding motif at the C-terminus of the P2X7R, leading to a potentiation of I BzATP [27] , or to increased trafficking of intracellular P2X7Rs to the plasma membrane. It should be pointed out that IL-1β is mainly released from microglial cells, which thereby take a central position in causing a conductance increase of P2X7Rs at NPCs. Of course it is possible that pre-incubation with 4-AP, ATP, LPS, and IL-1β all potentiate the Bz-ATP-induced current by facilitating a non-P2X7R-mediated component of I BzATP (Reference [19] and present paper). This is, however, unlikely; in previous experiments, we found that the selective P2X7R antagonist, A-438079, almost completely inhibited the 4-AP-potentiated I BzATP [19] . Therefore, it is tentatively suggested that, because the last link in the sequence of events triggered by 4-AP and IL-β is identical (i.e., an elevated intracellular Ca 2+ concentration), A-438079 could block also the IL-1β-potentiated I BzATP.
Proliferation of reactive astrocytes termed astrogliosis is mediated not only by ATP acting at P2X7Rs, but also by additional nucleotide receptors of the P2X and P2Y types [36, 37] . However, ATP is only one of the numerous endogenous factors determining astrogliosis, acting alone or together with cytokines (IL, TNF, or interferons), growth factors (FGF-2 or leukemia inhibitory factor), neurotransmitters (glutamate or noradrenaline), reactive oxygen radicals, nitric oxide, etc. [38] . In order to elucidate a possible role of various growth factors in the increased function of P2X7Rs at hippocampal NPCs, we pre-treated our organotypic brain slices with NGF or EGF plus FGF-2. In fact, all growth factors investigated potentiated I BzATP under the present experimental conditions.
Medial cerebral artery occlusion as a model of focal cerebral ischemia leads to a massive outflow of ATP from damaged CNS cells and upregulates P2X7R-IR in the penumbra of the damaged brain area [39, 40] . There is an early microglial response associated with the activation of this cell type followed by a late response restricted to neurons and astrocytes. The blocking of P2X7Rs decreased the infarct size, brain edema, and neurological deficits after cerebral infarction [41, 42] . P2X7R antagonists also ameliorated delayed neuronal death after transient global ischemia [43, 44] . Because in vitro ischemia in cerebrocortical cell cultures caused supersensitivity of P2X7Rs to their agonists [45] , we investigated whether the free oxygen radical, H 2 O 2 , known to be produced during reperfusion of brain tissue following a temporary stop of blood flow, facilitates I BzATP in SGZ NPCs. Neither H 2 O 2 nor the combined application of antimycin and sodium iodoacetate, to block oxidative phosphorylation and glycolysis, respectively, had any effect on the sensitivity of P2X7Rs at NPCs.
In conclusion, our in vitro experiments supported the hypothesis that the increased release of ATP from granule cells onto the hippocampal SGZ during a status epilepticus might foster the proliferation of NPCs [2, 18] . Subsequently, proliferating NPCs migrate into ectopic locations, differentiate into mature neurons, and become integrated into pathological neuronal circuits. The activation of P2X7Rs by ATP in combination with the neuroinflammatory stimulation of P2X7Rs by cytokines causes necrosis/apoptosis of NPCs, thereby potentially preventing these deleterious processes. Thus, P2X7Rs could inhibit the transition of a one-time status epilepticus (possibly febrile seizures in childhood/early adolescence [46] ) into chronic limbic epilepsy in humans. 
